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Anaplastic lymphoma kinase (Alk) has been
proposed to regulate neuronal development
based on its expression pattern in vertebrates
and invertebrates; however, its function in vivo
is unknown. We demonstrate that Alk and its
ligand Jelly belly (Jeb) play a central role as an
anterograde signaling pathway mediating neu-
ronal circuit assembly in the Drosophila visual
system. Alk is expressed and required in target
neurons in the optic lobe, whereas Jeb is pri-
marily generated by photoreceptor axons and
functions in the eye to control target selection
of R1–R6 axons in the lamina and R8 axons in
the medulla. Impaired Jeb/Alk function affects
layer-specific expression of three cell-adhesion
molecules, Dumbfounded/Kirre, Roughest/
IrreC, and Flamingo, in the medulla. Moreover,
loss of flamingo in target neurons causes
some R8-axon targeting errors observed in jeb
and Alk mosaic animals. Together, these find-
ings suggest that Jeb/Alk signaling helps
R-cell axons to shape their environment for
target recognition.
INTRODUCTION
The formation of functional neuronal circuits requires that
axons select their appropriate postsynaptic partner neu-
rons with high precision during development. This de-
pends on intricate bidirectional interactions between
target cells and incoming axons. Intermediate target
cells, synaptic partner neurons, or muscles provide attrac-
tive and repulsive guidance cues to axons helping them to
reach their targets (Tessier-Lavigne and Goodman, 1996;
Dickson, 2002). Moreover, target cells send retrogradesignals such as neurotrophins or members of the Wnt
and Bone morphogenetic protein (BMP) families to regu-
late different responses in the developing nervous system,
including axonal outgrowth, synaptic growth, the induc-
tion of a specific transcriptional program or neuropepti-
dergic identity, and neuronal survival (Zweifel et al.,
2005; Salinas, 2005; Marques, 2005). Afferent axons
also release anterograde signals, e.g., Hedgehog (Hh)
and the epidermal growth factor (EGF)-like ligand Spitz
in the Drosophila visual system or as yet unidentified
factors in the brain of goldfish and rodents, to regulate
the proliferation and differentiation of target neurons
(Raymond et al., 1983; Gong and Shipley, 1995; Huang
and Kunes, 1996, 1998; Huang et al., 1998). Anterograde
Wingless has further been shown to control synaptic
size at the larval neuromuscular junction of flies (Packard
et al., 2002). However, the role of anterograde signals
from afferent axons to target neurons in mediating the
formation of neuronal connections in the central nervous
system remains largely unknown.
The retina of flies is an array of approximately 800 iden-
tical units, the ommatidia, each containing eight photore-
ceptor cells (R cells, R1–R8). In the adult fly, R1–R6 axons
innervate the first optic ganglion, the lamina, where they
connect with lamina neurons in columnar synaptic units,
called lamina cartridges. R7 and R8 axons project through
the lamina into the second optic ganglion, the medulla.
They form connections with processes of target neurons
in two of ten distinct layers within columnarmodules span-
ning the medulla neuropil (Mast et al., 2006) (Figure 1).
R cell axons initially choose their respective ganglion
during the third instar larval stage and then select appro-
priate sets of target neurons during pupal development.
Larval R1–R6 axons from each retinal cluster project
within the same bundle into the optic lobe, where they ter-
minate between rows of glial cells in the lamina (Perez and
Steller, 1996). These mediate initial targeting of R1–R6
growth cones to the lamina (Poeck et al., 2001; Suh
et al., 2002; Chotard et al., 2005). During early pupal devel-
opment, R1–R6 axons reorganize their projections inCell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 961
Figure 1. Jelly belly and Alk Show a Complementary Expression Pattern in the Developing Visual System
(A and B) Schematic representation of the Drosophila visual system. Shown in (A) is the third instar larval stage. R cells differentiate within the eye
imaginal disc. R1–R6 axons stop between rows of glial cells (gl) in the lamina. R7 and R8 axons project into the medulla. Progenitors in the outer962 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.
a remarkably precise and invariant pattern. They leave
their original fascicle to each innervate a different neigh-
boring set of lamina neurons. This leads to the formation
of lamina cartridges and ensures that R cell axons convey-
ing the same visual information connect with the same set
of target neurons (Meinertzhagen and Hanson, 1993;
Clandinin and Zipursky, 2000). Similarly, larval R7 and
R8 axons terminate in temporary layers of the medulla.
During midpupal development, both R7 and R8 axons
extend to their respective recipient layers, M6 and M3
(Ting et al., 2005). Forward genetic screens and candidate
approaches have led to the identification of a number of
guidance factors that regulate these R cell-targeting steps
(Mast et al., 2006). This includes the calcium-dependent
cell-adhesion molecule N-cadherin (CadN), the Cadherin-
related molecule Flamingo (Fmi), the receptor tyrosine
phosphatases LAR and PTP69D, and the leucine-rich
repeat cell-adhesion molecule Capricious (Caps) (Garrity
et al., 1999; Newsome et al., 2000; Clandinin et al.,
2001; Maurel-Zaffran et al., 2001; Lee et al., 2001,
2003b; Senti et al., 2003; Prakash et al., 2005; Ting
et al., 2005; Shinza-Kameda et al., 2006).
Anaplastic lymphoma kinase (Alk), a receptor tyrosine
kinase (RTK), was identified as an underlying cause for
cancer types such as anaplastic large-cell lymphoma
due to chromosomal translocation events (Morris et al.,
1994; Pulford et al., 2004). Alk, together with its close rel-
ative leukocyte tyrosine kinase, belongs to a subgroup of
the insulin receptor family (Iwahara et al., 1997; Morris
et al., 1997). Characterization of the single Drosophila
Alk homolog indicates that this RTK plays a critical role
in midgut development in vivo (Loren et al., 2001, 2003).
Subsequent studies identified Jelly belly (Jeb), a low-
density lipoprotein (LDL) receptor repeat-containing se-
creted factor, as the activating ligand for Alk: somatic
mesoderm-derived Jeb activates Alk in adjacent cells to
specify visceral muscle founder cells, which together
with fusion-competent cells form the visceral musculature
of the gut (Weiss et al., 2001; Englund et al., 2003; Lee
et al., 2003a; Stute et al., 2004). Recent studies revealed
that Alk is expressed in motor neurons of C. elegans andin many areas of the developing nervous system of mice
and chick (Iwahara et al., 1997; Liao et al., 2004; Hurley
et al., 2006; Vernersson et al., 2006). Expression of
Alk and Jeb has also been described in the embryonic
central nervous system of Drosophila (Loren et al., 2001;
Weiss et al., 2001). However, the functional relevance of
this RTK pathway in the nervous system is not known.
We therefore examined the function of Jeb/Alk signaling
in the developing visual system of Drosophila. Using ge-
netic mosaic analysis, we show that this ligand/receptor
pair plays a central role as anterograde signaling system:
R cell-derived Jeb activates Alk in target neurons to
mediate target selection of R1–R6 and R8 axons in the
optic lobe.
RESULTS
Alk and Jelly belly Are Expressed in the Developing
Visual System
To obtain initial clues about the potential role of the recep-
tor tyrosine kinase Alk and its cognate secreted ligand
Jeb, we examined their expression in the visual system
of Drosophila.
At the third instar larval stage, low levels of Alk protein
were detected in the maturing lamina plexus and strong
expression in processes of target neurons innervating
the medulla neuropil. Alk expression was neither found
in glial cells in the lamina nor in R cell bodies within the
eye imaginal disc and their axons extending into the optic
lobe (Figures 1A, 1C, and 1C0 and insets). In contrast, Jeb
was strongly expressed in all R cell bodies and along their
axons projecting into the lamina and medulla. At this
developmental stage, we did not observe any significant
expression of Jeb in target neurons (Figures 1H and 1H0
and insets).
Throughout pupal development Alk expression
increases within lamina cartridges, concomitantly with
the formation of lamina-neuron dendrites, and persists
strongly in the medulla and lobula neuropils (Figures 1D–
1G0). During early pupal stages, Jeb is strongly expressed
in R1–R6 growth cones in the lamina and in R7 and R8proliferation center (OPC) adjacent to the lamina furrow (LF) give rise to lamina precursor cells (LPCs). These produce lamina neurons (ln). Proximal
OPC neuroblasts give rise tomedulla neurons (mn). Shown in (B) is the adult visual system. R1–R6 axons and processes of lamina neurons L1–L5 form
lamina cartridges. R8 and R7 terminals innervate the medulla neuropil layers M3 and M6. Lamina and medulla neurons form axonal and dendritic
arbors in defined layers within themedulla. Within lamina cartridges, R1–R6 terminals encircle the profiles of two lamina neurons L1 and L2; processes
of R7, R8, as well as lamina neurons L3, L4, and L5, are located in the periphery.
(C and C0) Third instar larval stage. Alk (red) is found at low levels in the lamina plexus (la, brackets), and at high levels in the medulla neuropil (me,
asterisk) but neither in R cell axons in the eye (insets) nor in Repo-positive glial cells (blue). Neuronal membranes were labeled using anti-HRP-FITC
(green).
(D–G0) At 24, 40, and 50 hr APF and in adults, Alk expression (green) increases in lamina cartridges (arrows) and remains strong in the medulla
(asterisks) and lobula (lo) neuropils.
(H and H0) Third instar larval stage. Jeb is strongly expressed in R cell bodies in the eye imaginal disc (insets), in R1–R6 axons in the lamina (brackets),
and along R7 and R8 axon shafts and growth cones in the medulla. Double arrowhead, central brain neuropil.
(I–J0) At 24 and 40 hr APF, Jeb is strongly expressed in R1–R6 axons in the lamina (arrows), as well as in R7 and R8 axons in themedulla (asterisks) and
weakly in the lobula neuropil.
(K–L0 and insets) At 50 hr APF and in adults, Jeb expression decreases in R1–R6 axons in the lamina (arrows) and in R7 and R8 terminals in the
medulla. Levels slightly increase in target neurons and their processes (asterisks). Jeb protein is detected in punctate structures adjacent to the
termination sites of R8 axons (arrowheads). In (D)–(L0) R cell axons were labeled with mAb24B10 (red).Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 963
Figure 2. Alk Is Required in Target Neu-
rons for the Formation of Adult R Cell
Projections
Wild-type Alk consists of two MAM domains
(M), a LDL receptor repeat (L), a glycine-rich
domain (G), a transmembrane domain (TM),
and a protein-tyrosine kinase domain (PTK). R
cell axons were labeled with mAb24B10 (red;
A–F0 and H–I0 ); somatic clones were identified
by the absence of Ubi-GFP expression (green;
A–F0).
(A–B0 and insets) As in wild-type third instar
larvae (A and A0), R1–R6 axons form a normal
lamina plexus (la), and R7 and R8 axons are
arranged in regular staggered rows within the
medulla (me) in Alk1 ELF mosaics (B and B0).
R cell development in eye imaginal discs (ed)
is normal (insets).
(C and C0) R7 and R8 axons target normally to
their recipient layers in adult Alk1 ey3.5-FLPmo-
saics.
(D–F0) R8 axons in adult Alk1, Alk8, and Alk9 ELF
mosaics exhibit thickened terminals and fas-
ciculate with R7/R8 axons in adjacent columns
(arrowheads) or fail to extend into the medulla
neuropil (arrows).
(G) The visceral mesoderm, visualized with
anti-FasIII (red), is disrupted (arrowheads) in
stage 14 embryos, which overexpress AlkECmyc
using twist-Gal4 or are homozygous mutant for
Alk1. Anterior is to the left.
(H–I0 ) Unlike in adult wild-type (H), R8 axons
terminate at the distal border of the medulla
neuropil (arrows) in animals overexpressing
AlkECmyc in the visual system using the ey-FLP
actin-Gal4 ‘‘FLP-Out’’ approach (I and I0).
Green, GFP.axons in the medulla (Figures 1I–1J0). From midpupal de-
velopment onward Jeb expression is reduced in R cell
axons but slightly increases in higher-order neurons in
the lamina, medulla, and lobula (Figures 1K–1L0 and in-
sets). Taken together, these findings reveal a highly dy-
namic and initially complementary expression pattern of
Jeb in R cells and Alk in target neurons during the first
half of pupal development when specific steps of R cell
axon targeting occur.
Alk RTK Function Is Required for R Cell Projection
Pattern Formation
To determine the functional requirement of Alk in target
neurons, we used the ELF system, which relies on three
main transgenes—ey3.5-Gal80, lama-Gal4, and UAS-
FLP—to efficiently generate somatic clones in the larval
and pupal optic lobe but not in R cells within the eye
(Chotard et al., 2005) (Figure S1). To test a requirement
specifically in R cells, we generated a modified version
of the ey-FLP system (Newsome et al., 2000), called
ey3.5-FLP, driving clone formation solely in the eye
(Figure S2). Alk function was examined using three dif-
ferent alleles—Alk1, a null allele, as well as Alk8 and964 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.Alk9—lacking a functional catalytic protein tyrosine kinase
domain (Loren et al., 2003) (Figure 2).
Despite the strong expression of Alk during the third
instar larval stage, removal of its function from target
neurons with the ELF approach did not interfere with initial
R cell guidance (n = 21; Figures 2A–B0). Furthermore,
analysis of animals, in which the majority of R cells were
made homozygous mutant for Alk1 using the ey3.5-FLP
approach, indicated that Alk is also not required in R
cells for projection-pattern formation in adults. Labeling
with the R cell specific marker mAb24B10 showed
that R1–R6 growth cones were organized in regular
cartridges within the lamina, and R7 and R8 axons
terminated correctly in the M6 and M3 layers (n = 10;
Figures 2C and C0).
However, adult mosaic animals, in which Alk function
was removed from target neurons in the lamina and me-
dulla, showed strong defects (Figures 2D–F0). R8 axons
frequently exhibited thickened terminals in the M3 layer
and fasciculated with R7 and R8 axons in adjacent col-
umns. In some columns, R8 terminals appeared to be
absent from their recipient layer, suggesting that they
terminated inappropriately either in a more distal layer or
in the R7 recipient layer. Similar R cell projection defects
were observed with all three Alk mutant alleles (n = 62
[Alk1]; n = 24 [Alk8]; n = 38 [Alk9]).
We next generated a UAS-AlkECmyc transgene en-
coding the extracellular and transmembrane domains
(Figures 2G and S3A–S3B0). AlkECmyc likely dimerizes
with wild-type Alk and thus inhibits downstream signaling
events. Consistent with this prediction, overexpression of
UAS-AlkECmyc in the embryonic mesoderm resulted in
a complete phenocopy of the previously reported defects
in visceral muscle formation of Alk1 homozygous mutant
embryos (Figure 2G) (Englund et al., 2003). This confirms
that AlkECmyc acts as a dominant-negative protein. We
then used the actin-Gal4 ‘‘FLP-Out’’ approach and the
ey-FLP transgene to overexpress AlkECmyc in the visual
system (Ito et al., 1997; Newsome et al., 2000). In these
animals, the M3 recipient layer appeared largely devoid
of R8 terminals (Figures 2H–2I0). Ectopic expression of
AlkECmyc in the eye using ey3.5-FLP resulted in similar
defects (n = 18; Figure S3C). Comparison with controls
showed that overexpression of dominant-negative Alk
altered the distribution of endogenous Jeb fromapunctate
to a smooth-appearing pattern along R cell body mem-
branes in third instar eye imaginal discs (n = 14; Figures
S3D–S3H0). This suggests that ectopic AlkECmycmay inter-
fere with the release of the Jeb ligand and, therefore,
cause R cell guidance defects. In summary, these findings
indicate that Alk functions in target neurons to non-cell-
autonomously regulate late steps of R cell projection
pattern formation and that kinase activity is required.
Alk Regulates Targeting of R8 Axons
To conclusively pinpoint the affected targeting steps of R7
and R8 axons in the medulla of Alk ELF mosaic animals,
we visualized their projections using R cell type-specific
markers. Subsets of R8 and R7 axons (70%) were
labeled with the late genetic markers Rh6-lacZ and
Rh4-lacZ, respectively, which drive expression of b-
galactosidase under the control of different rhodopsin
promoters (Papatsenko et al., 2001). In adult wild-type an-
imals, all Rh6-lacZ positive R8 axons stopped in the M3
recipient layer (n = 7; 259 R8 axons examined), whereas
Rh4-lacZ positive R7 terminals targeted to the M6 layer
in themedulla neuropil (Figures 3A, 3A0, 3D, and 3D0). Con-
sistent with our observations using mAb24B10 labeling,
adult Alk ELF mosaics displayed strong R8 targeting de-
fects (n = 16; 418 R8 terminals examined): R8 axons
frequently failed to terminate in their appropriate layer
and either projected to the R7 layer (7%), stopped at the
distal border of the medulla neuropil (12%), or projected
to neighboring columns (9%) (Figures 3B–3C0 and 3F).
Similar phenotypes were observed in animals over-
expressing dominant-negative Alk (n = 7; Figures S3I–
S3K0). The vast majority of R7 terminals targeted normally
to the M6 layer in Alk ELF mosaics (Figures 3E and 3E0).
A small proportion (6/373 of R7 terminals examined;
n = 15) exhibited subtle phenotypes and, e.g., extended
into an adjacent medulla column.Projection defects were examined in adult animals; Alk
could thus either control the step of axon targeting, the
stabilization of earlier established connections, or both.
To distinguish between these possibilities, we assessed
the development of R cell projections at pupal stages (Fig-
ures 3G–3L). In wild-type during early pupal stages, R7
and R8 axons project to two temporary layers separated
by intercalating processes of lamina andmedulla neurons.
R8 axons terminate in a layer at the distal medulla neuropil
border, whereas R7 axons project to a deeper layer em-
bedded within the neuropil. Between 50 and 60 hr after
puparium formation (APF), R8 and R7 axons target to their
final recipient layers. R8 axons project from the distal neu-
ropil border along R7 axons to the M3 layer, whereas R7
axons extend to the M6 layer below (Figure 3J) (Ting
et al., 2005). At 24 and 40 hr after puparium formation
(APF), R cell projections labeled with mAb24B10 in Alk
ELF mosaics were indistinguishable from wild-type
(n = 12; Figures 3G, 3H, and S1). However, around 55 hr
APF, R cell projection defects became apparent. These
included thickened terminals within the R8 recipient level
and fasciculation with neighboring columns (n = 12; Figure
3I). Furthermore, R8 axons were labeled with the early
marker ato-t-myc (Senti et al., 2003). Although
expression of this marker gradually decreases from mid-
pupal stages onward, it remains sufficiently strong to en-
able assessment of phenotypes at 55 hr APF. In controls,
R8 axons extended processes toward their prospective
M3 layer (Figures 3K and 3K0). However, in Alk ELF mo-
saics, some R8 axons appeared to stall at the distal me-
dulla neuropil border or to project into an adjacent column
(n = 9; Figures 3L and 3L0). Taken together, these findings
show thatAlk is required in target neurons to control layer-
and column-specific targeting of R8 axons during the crit-
ical time window when these axons navigate to their final
recipient layer.
Alk Is Required for the Assembly of Lamina
Cartridges
The expression of Alk in the lamina raised the possibility
that it controls the formation of connections between
R1–R6 axons and sets of postsynaptic lamina neurons.
Labeling with the Rh1-lacZ reporter (Mismer and Rubin,
1987) showed that, as in controls, R1–R6 axons termi-
nated normally in the lamina and did not extend further
into the medulla of adult Alk ELF mosaics (n = 5; Figures
4A–4B0). This indicates that Alk is not required for gan-
glion-specific targeting of R1–R6 axons to the lamina.
Next, we tested whether Alk regulates the assembly of
lamina cartridges using optical cross-sections. In adult
wild-type animals, the lamina displayed a highly regular
array of circular, evenly sized cartridges that consisted
of R1–R6 terminals surrounding postsynaptic lamina neu-
rons in the center (Figures 1B, 4C, and 4C0). InAlk ELFmo-
saics, this array was disrupted, and the size and shape of
lamina cartridges were variable (n = 23; Figures 4D and
4D0). Transmission electron microscopic (TEM) analysis
showed that wild-type cartridges generally contained theCell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 965
Figure 3. Alk Is Required in Target Neu-
rons to Control Targeting of R8 Axons in
the Medulla
(A–E0) As shown in (A), (A0), (D), and (D0), in adult
controls, Rh6-lacZ positive R8 axons terminate
in theM3 layer, andRh4-lacZ positive R7 axons
stop in the M6 layer of the medulla (blue in A
and D; white in A0 and D0). As shown in (B–C0),
(E), and (E0 ), in adult Alk ELFmosaics, R8 axons
extend to the M6 layer (arrowheads), terminate
at the distal border of the medulla neuropil
(arrow), or fasciculate with R8 axons in adja-
cent columns (asterisk). R7 axons target cor-
rectly to the M6 layer (double arrowheads).
(F) Schematic drawing and quantification of
phenotypes.
(G–I) R8 projections inAlk ELFmosaics are nor-
mal at 24 and 40 hr APF. At 55 hr, defects such
as thickened R8 terminals (arrowhead) in the
prospective M3 layer or at the distal neuropil
border (arrow) are visible.
(J) Schematic representation of developmental
steps underlying R7 and R8 target layer selec-
tion in a wild-type medulla during pupal devel-
opment (Ting et al., 2005).
(K–L0) Unlike in controls (K and K0), some ato-
t-myc positive R8 axons fail to extend pro-
cesses toward their prospective recipient layer
(arrows) or fasciculate with axons in neighbor-
ing columns (double arrowheads) in Alk ELF
mosaics (L and L0) at 55 hr APF. R cell axons
were labeled with mAb24B10 (red); green
shows GFP expression.processes of six R cells and lamina neurons L1 and L2 lo-
cated in the middle (81% of 53 cartridges, n = 8; Figures
1B, 4E, and 4J); the remaining cartridges had either five
or seven R cell profiles due to shape changes of pro-
cesses (Lee et al., 2003b). In Alk ELF mosaics, cartridges
containing homozygous mutant target neurons are likely
distributed randomly throughout the lamina. We therefore
could not distinguish cartridges with mutant components
from cartridges containing only wild-type components at
the electron microscopy (EM) level. Analyzing montages
of electron micrographs covering large areas of the lam-
ina, we observed that 23.5%of cartridgeswere innervated
by% 4 orR 8 R1–R6 terminals (963 cartridges; n = 9); the
number of R cell profiles per cartridge ranged between
2 and 16 (Figures 4F, 4G, and 4J). Nevertheless, as in
wild-type, affected cartridges in Alk ELF mosaics were966 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.surrounded by thin glial processes. Furthermore, R cell
terminals contained characteristic glial invaginations
(‘‘capitate projections’’) (Fabian-Fine et al., 2003) and dis-
played T-bar-shaped presynaptic specializations sug-
gesting that output synapses can form (Figures 4H and
4I). Together, this demonstrates that Alk is required for
the assembly and/or maintenance of the appropriate
number of presynaptic R1–R6 terminals and postsynaptic
target neurons within individual lamina cartridges.
Jelly belly Is Required in the Eye to Control
R Cell Targeting
We next sought to determine the functional requirement of
Jeb, the activating ligand for Alk in the visceral mesoderm
(Englund et al., 2003; Lee et al., 2003a; Stute et al., 2004).
The specific expression of Jeb in R cell axons during larval
Figure 4. Alk Is Required for the Assem-
bly of Lamina Cartridges
(A–B0) As in adult controls, Rh1-lacZ positive
R1–R6 axons (blue in A and B, white in A0 and
B0) terminate correctly in the lamina (la) and
do not extend into the medulla (me) in Alk ELF
mosaics. R cell axons were labeled with
mAb24B10 (red in A and B).
(C–D0) In wild-type (C and C0), lamina cartridges
are aligned in a regular array and exhibit similar
sizes. Profiles of R cell axons labeled with the
presynaptic marker 6H4 (red) surround pro-
cesses of unlabeled lamina neurons. In Alk
ELF mosaics (D and D0), the overall arrange-
ment and size of cartridges are irregular.
Green, GFP.
(E–J) TEM of adult lamina cartridges. In wild-
type (E), six R cell axon processes (R, high-
lighted in purple) are arranged around the
profiles of L1 and L2 lamina neurons (L). Each
cartridge is surrounded by glial processes (gl).
R-cell terminals contain glial capitate projec-
tions (double arrowheads). As shown in (F and
G), some lamina cartridges of Alk ELF mosaics
contain less (F) or more (G) R cell profiles. As
shown in (H and I), as in wild-type, R1–R6
axons form T-bar-shaped synapses (arrow-
heads) and contain capitate projections in Alk
ELF mosaics. As shown in (J), the distribution
of R cell profiles per cartridge is wider in Alk
ELF mosaics (purple) when compared to wild-
type (gray). Control samples corresponded to
three genetic backgrounds.and early pupal stages suggests that it is genetically
required in the eye to control R cell projection pattern for-
mation. To test this prediction, we used the ey-FLP and
ey3.5-FLP approaches to make the majority of R cells
homozygous for the recessive embryonic lethal allele
jebl(2)SH0422 (Oh et al., 2003) (Figure S4). In third instar lar-
val mosaic animals, Jeb expression remained unchanged
in the central brain neuropil but was significantly reduced
in R cell projections. Nevertheless, as in Alk ELF mosaics,
R cell axons targeted normally to the lamina and medulla
at this stage of development (n = 7; Figures 5A and 5A0
and data not shown). Mosaic animals did, however, ex-
hibit strong R cell projection defects in adults (Figures
5B–5G). Rh6-lacZ positive R8 axons in jeb ey-FLP mo-
saics frequently extended to the M6 layer (16%), failedto enter the medulla neuropil (18%), or fasciculated with
R8 axons in neighboring columns (6%) (n = 21; 559 R8
axons examined; Figures 5C, 5C0, and 5F). Removal of
jeb solely in the eye using the ey3.5-FLP approach resulted
in similar defects (n = 21; 839 R8 axons examined): these
included mistargeting to the M6 layer (6%), stalling at the
distal medulla neuropil border (23%), and projections to
adjacent columns (4%) (Figures 5D–5F). R cell projection
defects in the medulla of jeb ey3.5-FLP mosaics (n = 11;
Figure 5G) were rescued by expressing Jeb in the eye
(9 out of 9 samples; Figure 5H). When jeb function was
specifically removed in target neurons, R cell projections
appeared largely normal (n = 28; Figure 5I–5J0). This con-
firms that jeb is required in the eye to mediate R8 target-
ing. Finally, analysis of jeb ey-FLPmosaics at pupal stagesCell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 967
Figure 5. jeb Is Required in R Cells to Regulate Targeting
(A and A0) In jeb ey-FLPmosaics, R1–R6 growth cones terminate in the lamina (la) and R7/R8 axons extend into themedulla (me) during the third instar
larval stage. Jeb expression (green) is severely reduced in the lamina (arrow) and medulla (arrowhead) but is unaffected in the central brain neuropil
(asterisk). As control, see Figures 1H and 1H0.
(B–E0 ) Loss of jeb in the eye and some target neurons (jeb ey-FLP mosaic; B–C0) or in the eye only (jeb ey3.5-FLP mosaic, D–E0) results in R cell-
targeting defects in adult animals. Labeling with mAb24B10 (red) and Rh6-lacZ (blue in C and E, white in C0 and E0) shows that mutant R8 axons fre-
quently do not enter the medulla neuropil (arrow), extend to the R7 layer (arrowheads), or project into neighboring columns (double arrowheads).
(F) Quantification of phenotypes.
(GandH)Rcell-projectiondefects observed in themedulla of jeb ey3.5-FLPmosaics (G) are rescuedbyexpressionof jeb in the eyeusingGMR-Gal4 (H).
(I–J0) R cell projections are largely normal in adult jeb ELF mosaics.
(K and L) In jeb ey-FLP mosaics, R8 projections are unaffected at 40 hr APF. At 55 hr, thickened R8 terminals (double arrowheads) are found in the
prospectiveM3 layer or at thedistalmedulla neuropil border (arrow). Rcell axonswere labeledwithmAb24B10 (red);GFPexpression is shown ingreen.revealed R cell projection errors in the medulla around
55 hr APF (n = 18; Figures 5K and 5L). This shows that
loss of jeb function in R cells or Alk in target neurons re-
sults in R8 targeting defects, which are similar in quality
and time of onset.
To determine the role of jeb in R1–R6 targeting, we ex-
amined the lamina of adult ey-FLP (n = 16) and ey3.5-FLP
(n = 28) mosaics. We observed that the distribution and
size of lamina cartridges in optical cross-sections were
irregular in both sets of experiments (Figures 6A and 6B;
compare with Figures 4C–4D0). TEM analysis further
showed that 31.6% of cartridges contained %4 or R8 R
cell processes using ey-FLP (range 2–12; 322 cartridges;
n = 3), and 20.5% using ey3.5-FLP (range 2–10; 401
cartridges; n = 4) compared to 0% in controls (range 5–7)968 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.(Figures 6C–6F). This indicates that jeb is required in
R1–R6 axons for lamina cartridge assembly.
To determine whether the cartridge defects observed
in adult jeb ey-FLP mosaics arose from targeting errors
during pupal development, projections of R1–R6 cells
of single ommatidia were anterogradely labeled by ap-
plying DiI crystals onto the retina at 42 hr APF. In wild-
type, R1–R6 growth cones defasciculate from their orig-
inal bundle and extend projections with a characteristic
length and orientation across the surface of the lamina
plexus depending on the R cell type and the polarity of
the ommatidium from which it originated (Clandinin and
Zipursky, 2000) (n = 5; Figures 6G–6J). In jeb ey-FLP
mosaics, some R1–R6 axons appeared not to defascicu-
late; other growth cones extended at shorter distances
Figure 6. jeb Is Required in R1–R6 Axons
to Connect with Appropriate Sets of
Target Neurons
(A and B) Labeling with the presynaptic marker
6H4 (red) reveals that the size, shape, and array
of lamina cartridges are irregular in adult
mosaics lacking jeb function in the eye (A, jeb
ey-FLP mosaic; B, jeb ey3.5-FLP mosaic)
when compared to controls (Figures 4C and
4C0 ). Large cartridge, arrow; small cartridge,
arrowhead.
(C and D) TEM of adult ey-FLP and jeb ey3.5-
FLP mosaics. Lamina cartridges contain less
(C) or more (D) than six R cell profiles (R, high-
lighted in blue) grouped around lamina neuron
(L) processes. Gl, glial processes; arrowheads,
T-bar-shaped synapses; double arrowheads,
capitate projections.
(E and F) The distribution of R cell profiles per
cartridge is wider in jeb ey-FLP and ey3.5-FLP
mosaics (blue) when compared to wild-type
(gray). The phenotype in ey3.5-FLP mosaics is
slightly weaker than in ey-FLP mosaics.
(G–J) Schematic drawings and DiI labeling (red)
of wild-type R cell bodies in an ommatidium
within the retina and their growth cones ex-
tending outwards to neighboring cartridges in
the underlying lamina at 42 hr APF. The growth
cone highlighted in orange originated from an
adjacent ommatidium.
(K–N) In jeb ey-FLPmosaics, extensions of R1–
R6 axons projecting from individual ommatidia
appear irregular and shortened.or in an irregular overall pattern when compared to
wild-type (3 out of 5 samples; Figures 6K–6N). Consistent
with the observed lamina cartridge defects in adults,
this suggests that the loss of jeb in R cells affects tar-
geting to appropriate lamina neuron sets during pupal
development.
In summary, these data show that jeb is required in the
eye to regulate targeting steps of R1–R6 axons in the lam-
ina and R8 axons in the medulla. Loss of jeb in the eye or
loss of Alk in target neurons results in qualitatively similar
phenotypes. Previous studies established that Jeb binds
directly and with high affinity to Drosophila Alk (Englund
et al., 2003; Lee et al., 2003a). This and our genetic anal-
ysis provide evidence that both molecules work in thesame pathway in the visual system. Furthermore, these
findings, together with the complementary expression
pattern of Jeb in the eye and Alk in the target, indicate
that they form an anterograde signaling system.
Jeb/Alk Signaling Controls the Expression
of Guidance Factors in Target Neurons
R cell guidance errors in jeb/Alk mosaics may occur as
a consequence of disrupted R cell specification, target
neuron differentiation, neurite outgrowth, or survival.
However, using different markers and mosaic analysis
with a repressible cell marker (MARCM; Lee and Luo,
1999), we could not detect any conspicuous defects in
these cellular responses (Figures S5 and S6).We thereforeCell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 969
Figure 7. Loss of Jeb/Alk Signaling Affects the Expression of Duf/Kirre, Rst/IrreC, and Fmi in the Medulla
(A) In adult controls, the duf/kirre enhancer trap line rP298-Gal4 drives expression ofmyrRFP (red in A, white in A0 ) within three layers in the medulla.
The middle layer (arrowhead) corresponds to the M3 recipient layer of R8 axons (blue mAb24B10 staining in A, white in A00).
(B) In jeb ey3.5-FLPmosaics, reporter expression (red in B, white in B0) is reduced in theM3 layer (arrows) but not in layers above and below (asterisks).
R cell projections (blue in B, white in B00, double arrowheads) are affected in areas with reduced expression (arrows in B0).970 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.
considered the possibility that the underlying cell-autono-
mous function of Jeb/Alk signaling is to regulate later
steps of target neuron maturation, which could include
the expression of cell-adhesion molecules. Using anti-
bodies against Caps, LAR, PTP69D, and CadN, we ob-
served characteristic expression patterns for each of
these guidance factors in medulla neuropil layers of con-
trol jeb or Alk heterozygotes at 55 hr APF (Shinza-Kameda
et al., 2006; Clandinin et al., 2001; Maurel-Zaffran et al.,
2001; Newsome et al., 2000; Lee et al., 2001). These ex-
pression patterns appeared unchanged in jeb ey3.5-FLP
and Alk ELF mosaics (Figure S7). A different picture
emerged for the transmembrane immunoglobulin super-
family protein Dumbfounded/Kin of Irre (Duf/Kirre), a ho-
molog of Neph1 in vertebrates and SYG-1 in C. elegans
(Ruiz-Gomez et al., 2000; Stru¨nkelnberg et al., 2001;
Donoviel et al., 2001; Shen et al., 2004). Duf/Kirre has
been identified as a target of Jeb/Alk signaling in the Dro-
sophila visceral mesoderm (Englund et al., 2003; Lee et al.,
2003a; Stute et al., 2004). Moreover, SYG-1 has been
shown to control synapse formation with appropriate tar-
get cells (Shen et al., 2004). We assessed Duf/Kirre ex-
pression using the enhancer-trap line rP298-Gal4 (Menon
and Chia, 2001) and a membrane bound red fluorescent
protein reporter (UAS-myrRFP). In adult wild-type optic
lobes, reporter expression is detected in three layers of
the distal medulla; this includes the M3 layer, which is
innervated by R8 axons (n = 9; Figures 7A–7A00). In jeb
ey3.5-FLP mosaics, expression is significantly reduced in
the M3 layer, while the layers above and below appear un-
affected (n = 21; Figures 7B and B0). Consistently, medulla
columns with reduced expression show R cell projection
defects (Figures 7B–B00). Reporter expression is also af-
fected in the emerging M3 layer at 55 hr APF at the time
window, when R8 layer- and column-specific targeting
occurs (n = 9; Figures 7C and 7D). Labeling with an anti-
body directed against Duf/Kirre (Menon et al., 2005)
shows that expression is also impaired at the protein level
in both jeb ey3.5-FLP and Alk ELF mosaics at 55 hr APF
(n = 4 [control]; n = 14 [jeb ey3.5-FLP]; n = 11 [Alk ELF];
Figures 7E–7G0).
Similarly, the guidance factors Roughest/IrreC (Rst/
IrreC), a Duf/Kirre paralog, and Fmi (Schneider et al., 1995;
Lee et al., 2003b; Senti et al., 2003) are also expressed in
three layers in the distal medulla of controls at 55 hr APF.
Loss of jeb in the eye andAlk in the target results in a reduc-
tion of Rst/IrreC and Fmi expression in the M3 layer(Rst/IrreC: n = 27 [control]/5 [jeb ey3.5-FLP]/20 [Alk ELF];
Fmi: n = 16/16/26; Figures 7H–7M0). These findings indicate
that Jeb/Alk signaling is required to regulate the expression
of three guidance factors in the medulla, and that—at least
for Duf/Kirre—regulation may occur at the transcriptional
level.
Loss of Flamingo in Target Neurons
Affects R8 Targeting
Todeterminewhether the lossofanyof theseguidancecues
in target neurons can indeed cause similar R cell-targeting
defects as lack of Jeb/Alk signaling, we focused on Fmi us-
ing RNA interference (RNAi) and ELF mosaic approaches.
After validating the efficiency of our tools (Figure S8), we
used the ey-FLP actin-Gal4 FLP-Out approach in conjunc-
tion with ey3.5-Gal80 to limit expression of two UAS-fmiIR
transgenes to target neurons. R8 axons displayed thick-
ened terminals and fasciculated with R7 and R8 axons in
adjacent medulla neuropil columns (17 out of 17 samples;
Figures 7N and 7N0). Consistent with these findings, we
observed that loss of fmi in target neurons using the ELF
approach caused similar R8-targeting defects (36 out of
36 samples; Figures 7O and O0). Labeling with Rh6-lacZ
showed that 5.6% of R8 axons misprojected to neighbor-
ing columns (n = 52; 1265 R8 axons examined; Figures
7P–7Q). R8 axons very rarely stalled at the distal medulla
neuropil borderorprojected to theM6 layer.Together, these
two independent approaches demonstrate that fmi is
required in R cell axons (Lee et al., 2003b; Senti et al.,
2003) and to some extent also in the target. Consistent
with a model, in which Jeb/Alk signaling acts upstream of
specific guidance molecules to mediate R cell projection
pattern formation, our findings show that loss of fmi in the
target area reproduces R8-targeting defects found in
jeb ey3.5-FLP and Alk ELF mosaics.
DISCUSSION
Our genetic studies in Drosophila provide functional evi-
dence in vivo that Alk plays a crucial role in the developing
central nervous system. We show that Alk and its cognate
ligand Jeb form an anterograde signaling pathway in the
fly visual system, which is required for target selection
by R cell axonswithin the lamina andmedulla.We propose
that R cell axons release Jeb to activate Alk signaling in
target neurons and, through direct or indirect regulation(C and D) Unlike in wild-type, reporter expression in the emerging R8-recipient layer (arrowhead) is disrupted in jeb ey3.5-FLP mosaics at 55 hr APF
(arrows). GFP expression is shown in green.
(E–M0) In controls at 55 hr APF, Duf/Kirre, Rst/IrreC, and Fmi (red in E, H, and K; white in E0, H0, and K0) are expressed in three neuropil layers in the distal
medulla (me). Arrowheads, developing M3 layer. In jeb ey3.5-FLP and Alk ELFmosaics at 55 hr APF, expression of Duf/Kirre, Rst/IrreC, and Fmi (red in
F, G, I, J, L, andM; white in F0, G0, I0, J0, L0, andM0) is reduced in parts of the M3 layer (arrows). Cad, Cadherin domain; EGF, EGF-like domains; LamG,
Laminin G domain; HRM, hormone receptor domain.
(N and N0) fmi RNAi. In adult animals overexpressing UAS-fmiIR in target neurons, R8 axons show thickened terminals and join R7/R8 axons in
adjacent columns (arrowheads).
(O–Q) fmiE59 ELFmosaic. R8 axons show similar defects (arrowheads). R cell axons were labeled with mAb24B10 (red in N, O, and P; white in N0 and O0)
and R8 axons with Rh6-lacZ (blue in P, white in P0). GFP expression is shown in green (N and O). (Q) shows a quantification of phenotypes.Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc. 971
of downstream guidance molecules, contribute to creat-
ing the appropriate environment for target recognition.
In the visual system, R cell axons provide two known an-
terograde signals to the optic lobe to promote neuronal
proliferation and differentiation of target neurons during
the third instar larval stage. R cell-derived Hh induces mi-
totic divisions of lamina precursor cells (LPCs), as well as
expression of the early neuronal marker Dachshund in
both LPCs and postmitotic lamina neurons (Huang and
Kunes, 1996, 1998). Dachshund in turn is required to con-
trol the expression of the EGF receptor in lamina neurons,
thus making them competent for the second anterograde
R cell-derived signal Spitz that induces the next step of
lamina neuron differentiation (Huang et al., 1998; Chotard
et al., 2005). A third so far unidentified signal controls glial
cell development and migration in the optic lobe (Huang
and Kunes, 1998; Suh et al., 2002). Our findings show
that R cell axons provide an unexpected fourth antero-
grade signal—Jeb—that is required to mediate target se-
lection of R cell axons during pupal development. Unlike
the Hh and Spitz signals, Jeb represents an anterograde
signal delivered by R cell axons not only to the lamina
but also to the medulla.
That Jeb and Alk form an anterograde signaling path-
way in the visual system that is supported by three lines
of evidence: first, Jeb and Alk are expressed in a largely
complementary pattern from the third instar larval to mid-
pupal stages. The ligand Jeb is produced in R cells,
whereas the receptor Alk is specifically expressed by tar-
get neurons. Since the Jeb protein has been shown to be
secreted in vitro (Weiss et al., 2001), it is highly likely re-
leased from R cell growth cones. Second, jeb is geneti-
cally required in R cells, whereas Alk functions in target
neurons. Third, in the converse experiment, removal of
jeb function in the target orAlk in the eye does not produce
any conspicuous targeting phenotypes.
We propose that Jeb/Alk signaling plays a role in regu-
lating late events of target-neuron maturation to control
R1–R6 axons in the lamina and R8 axons in the medulla.
Consistent with this model, our data indicate that loss of
Jeb/Alk signaling affects the expression of three guidance
molecules, Duf/Kirre, Rst/IrreC, and Fmi, in the R8 recipi-
ent layer of the medulla, while Caps, LAR, PTP69D, and
CadN appear normal at this level of resolution. Interest-
ingly, animals lacking Jeb/Alk signaling display similar
R8 projection defects as fmi and caps eye mosaics (Senti
et al., 2003; Shinza-Kameda et al., 2006). We further show
that loss of fmi in target neurons causes R8-targeting
defects, which qualitatively resemble those observed in
Jeb/Alk mosaics. As Jeb/Alk signaling acts upstream of
multiple cell-adhesion molecules, loss of one factor likely
results in milder targeting defects. In support of this no-
tion, we observed that phenotypes in jeb or Alk mosaics
were more frequent in comparison to fmi knockdown or
fmi ELF mosaics. Moreover, loss of fmi in the target ap-
peared to cause one prevalent targeting defect, i.e., the
fasciculation of R8 axons with processes in adjacent me-
dulla columns. Notably, loss of sec15 in R cells, which en-972 Cell 128, 961–975, March 9, 2007 ª2007 Elsevier Inc.codes an exocyst component regulating the localization of
cell-adhesion molecules to axon terminals, also causes
distinct targeting errors (Mehta et al., 2005). This is consis-
tent with our model that regulating the precise expression
of guidance molecules by Jeb/Alk signaling is indeed
important for axon targeting in the visual system.
R cell-targeting defects occurred in both null and kinase
domain mutant alleles of Alk, showing that tyrosine kinase
activity is essential. Furthermore, studies of vertebrate Alk
in vitro, as well as Drosophila Alk in vivo, demonstrate that
this RTK drives an ERK/MAPK-mediated signaling path-
way (Loren et al., 2001; Englund et al., 2003; Lee et al.,
2003a; Souttou et al., 2001), suggesting that Alk may
also act through this pathway in the visual system. There
are three possible mechanisms as to how Jeb/Alk signal-
ing could regulate downstream guidance molecules: (1)
Jeb and Alk may directly regulate the expression of guid-
ance molecules, (2) they could indirectly regulate the ex-
pression pattern of guidance molecules via the activation
of transcriptional programs determining target neuron
identities, or (3) they could separately control both the ex-
pression of guidance molecules and transcription factors.
Such mechanisms would be analogous to what has been
observed in the developing visceral mesoderm, where
Jeb/Alk signaling induces the expression of both Duf/Kirre
andOrg-1, a transcription factor andmammalian Tbx1 ho-
molog, to drive muscle fusion (Englund et al., 2003; Lee
et al., 2003a; Stute et al., 2004). At present, we cannot
exclude that Alk additionally modulates the activity of
downstream targets.
Anterograde Jeb/Alk signaling would make it possible
to coordinate the timing of R cell growth-cone extension
with local expression of guidance factors in the target.
These in turn could directly regulate afferent axon target-
ing. Alternatively, guidance factors may be required to
shape dendritic and axonal arbors of target neurons and
to mediate R cell-targeting decisions. Fmi could indeed
take part in both processes, as it can control dendrite de-
velopment (Ye and Jan, 2005), as well as axon guidance
by afferent/afferent and afferent/target interactions (Lee
et al., 2003b; Senti et al., 2003). Similar to CadN or LAR
eye mosaics, some R1–R6 axons lacking jeb function
failed to extend from their original bundle (Lee et al.,
2001; Clandinin et al., 2001). We also detected extension
and cartridge assembly phenotypes in jeb eye orAlk target
mosaics, which qualitatively resembled those described
for fmi eye mosaics (Lee et al., 2003b). Future studies
will require the identification and validation of (other)
downstream guidance molecules, as well as the isolation
of transcriptional regulators controlling target neuron sub-
type specificity in both the lamina and medulla to provide
further insights into the mechanisms underlying Jeb/Alk
function.
We observed that ectopic expression of Jeb in the vi-
sual system strongly reduces the number of activated
Caspase 3-positive cells in the medulla at 24 hr APF,
when many postmitotic medulla neurons normally un-
dergo apoptosis in wild-type (Meinertzhagen and Hanson,
1993) (Figure S5). Thus, Jeb/Alk signaling may also medi-
ate cell survival in parallel to neuronal maturation. The
mechanism could be similar to the pleiotropic function of
EGF-receptor signaling, which, depending on low or
high level of activation regulates cell-cycle withdrawal, mi-
tosis, cell survival, and differentiation in the developing
eye imaginal disc of Drosophila (Yang and Baker, 2003).
Although Jeb shares some sequence similarity with
proteins such as the secreted bovine glycoprotein Sco-
Spondin (Weiss et al., 2001; Meiniel, 2001), no Jeb homo-
log has been isolated so far in vertebrates. However, the
growth factors Pleiotrophin and Midkine have been re-
ported to act as ligands for Alk in vertebrates, and both
have been linked to neuronal development and neurode-
generative diseases (Stoica et al., 2001, 2002; Kadomatsu
and Muramatsu, 2004). Therefore, Alk may work with dif-
ferent ligands in the vertebrate nervous system. The
C. elegans homolog of Alk is localized presynaptically at
the neuromuscular junction and has been proposed to
mediate synapse stabilization (Liao et al., 2004). Also,
the vertebrate homologs of Alk are strongly expressed in
the developing and adult nervous systems. This includes
motor-neuron columns in the spinal cord and, intriguingly,
also the superior colliculus, a higher-order processing
center for visual information in the brain (Iwahara et al.,
1997; Morris et al., 1997; Hurley et al., 2006; Vernersson
et al., 2006). That Alk may play a role in neuronal develop-
ment in vertebrates is further supported by in vitro studies
indicating that activated Alk can promote neuronal differ-
entiation and neurite outgrowth in specific cell lines
(Souttou et al., 2001; Motegi et al., 2004). These observa-
tions suggest that the function of Alk in regulating specific
aspects of neuronal development may be conserved.
EXPERIMENTAL PROCEDURES
Molecular Biology
A description of generating the UAS-AlkECmyc, ey3.5-FLP, and
UAS-fmiIR transgenes is included in Supplemental Experimental
Procedures.
Genetics
Target-neuron clones were generated using the ELF system (Chotard
et al., 2005) designed for chromosome arm 2R: ey3.5-Gal80; FRT42D
Ubi-GFP PCNA775/CyO Kr-GFP; lama-Gal4 UAS-FLP. Eye clones
were generated using the ey-FLP (Newsome et al., 2000) and
ey3.5-FLP systems: (1) ey-FLP; FRT42D PCNA775/CyO Kr-GFP and
(ii) ey3.5-FLP; FRT42D Ubi-GFP, PCNA775/CyO Kr-GFP. Details of
crosses and experimental genotypes for figures are provided in
Supplemental Experimental Procedures and Table S1.
Immunostaining, DiI Labeling, and EM
Pupae were maintained at 25C on grape juice plates for staging. For
immunolabeling, the following primary antibodies were used: mouse
mAb24B10 (1:75; Developmental Studies Hybridoma Bank [DSHB]),
rabbit anti-Alk (1:1000) (Loren et al., 2003), guinea pig anti-Alk
(1:1000) (Englund et al., 2003), rat anti-Duf (1:250) (Menon et al.,
2005), mouse anti-FasIII (1:10; DSHB), mouse anti-Fmi (1:20; DSHB),
rabbit anti-b-galactosidase (1:120, 000; Cappel), mouse 6H4 (1:10;
DSHB) (Wan et al., 2000), goat anti-HRP-FITC (1:200; Cappel), mouse
anti-IrreC (1:50) (Schneider et al., 1995), guinea pig anti-Jeb (1:5000)(Englund et al., 2003), rabbit anti-Myc (1:250; Santa Cruz Biotechnol-
ogy), and rabbit anti-Repo (1:500) (Halter et al., 1995). Secondary an-
tibodies were obtained from Jackson ImmunoResearch Laboratories:
goat anti-mouse, anti-rabbit, anti-rat, and anti-guinea pig F(ab0)2 frag-
ments coupled to FITC, Cy3, or Cy5 (1:200 for FITC andCy5, and 1:400
for Cy3). Fluorescence images were collected using Zeiss Radiance
2100 and Leica TCS SP2 laser-scanning confocal microscopes.
Labeling of R-cell projections with DiI crystals was performed as de-
scribed in Clandinin and Zipursky (2000). Samples for TEM were pre-
pared as described in Salecker and Boeckh (1995), and imaged using
a JEOL CX100 electron microscope. Details of protocols are available
upon request.
Supplemental Data
Supplemental Data include eight figures, one table, Supplemental
Experimental Procedures, and Supplemental References and can be
found with this article online at http://www.cell.com/cgi/content/full/
128/5/961/DC1/.
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